A common product of fission that occurs during accidents in nuclear power stations is strontium-90 (^90^Sr). As an element, strontium has 17 different isotopes, ranging from strontium-81 to strontium-97, of which strontium-89 (^89^Sr) and strontium-90 (^90^Sr) are particularly toxic. Average energy of β-particles emitted by ^89^Sr is higher than the ones emitted by ^90^Sr, but the former radioelement has a shorter half-life (50.57 days) than the latter (28.79 years). Whatever the cause, once radioactive strontium is released into the environment, it is likely to enter the human body through food and drinking water (Mollah et al. [@CR6]; Choi et al. [@CR1]). Once ingested, it is difficult to remove radioactive strontium from the body, and internal exposure to radionuclides can have disastrous consequences for human life.

As nuclear power finds wider applications, the background values of radioactive elements continue to increase steadily. As stated in the *Evaluation Report on the Environmental Quality of China's Nuclear Industry for 30 years*, average emissions of ^90^Sr are 4.2 × 10^7^ Bq a year. These radioactive elements can be absorbed by plant roots through soil and by leaves through air. Consumption of such contaminated vegetables is harmful to health and may even lead to different forms of cancer. Once the radioactive elements, including ^90^Sr, enter the environment (as a result of accidents in nuclear power facilities or by any other means), they are a threat to public health, both physical and mental, and to food safety. Therefore, the Chinese government has paid close attention to exploring the techniques of dealing with nuclear accidents and emergencies and has also focused on the transmission of radioactive elements to soil and water and, through soil and water thus enriched, to food and, ultimately, to people.

Stable nuclides and radioactive nuclides have identical chemical properties and biological characteristics, and scientists have used stable nuclides instead of radioactive nuclides in research, which served to confirm the significant correlation between the two kinds of nuclides. Many studies on radioactive strontium are based on the stable form of strontium (Höllriegl et al. [@CR3]; James et al. [@CR4]). In keeping environmental concerns and the needs of field testing in mind, use of the stable form of strontium instead of the radioactive form (Tatiana et al. [@CR7]) is acceptable in both theory and practice. Accordingly, we chose to explore the path of radioactive ^90^Sr from soil to the crop by using the stable form, namely ^88^Sr.

As most of our food comes from plants, the present study not only provides a theoretical basis and technical support for monitoring and evaluating food safety after any accidents involving radioactive material but also helps the government in instilling confidence in people during such accidents and in dealing more effectively with the fallout of radioactive material and with the ensuing contamination of vegetables.

Materials and Methods {#Sec1}
=====================

Materials {#Sec2}
---------

The plants used in this study were all grown in a greenhouse in Xingshou, in Changping district of Beijing. Topsoil was used for growing Chinese cabbage and spinach, the seeds of which were bought from Beijing Zhongshu Horticultural Seed Research Center, Chinese Academy of Agricultural Sciences. In addition, SrCl~2~·6H~2~O, the source of the ^88^Sr, was produced by Sinopharm Chemical Reagent Company, Shanghai city, China. After calculating the doses of ^88^Sr and SrCl~2~·6H~2~O, deionized water was used to dissolve the required SrCl~2~·6H~2~O and applied to the experimental soil.

Pot Experiment {#Sec3}
--------------

After removing small stones and other debris from the experimental topsoil, it was air-dried in shade and pulverized fine enough to pass through a 30-mesh sieve (0.595 mm). Every pot was filled with 2 kg of soil, the required quantity of strontium was added, and the pots were placed in shade for 2 weeks to ensure stable conditions. Six seeds were sown in each pot.

Treatments {#Sec4}
----------

Chinese cabbage and spinach were grown under the same experimental conditions, including water content of soil maintained at 70 % and irrigation with deionized water. The greenhouse not only protected the plants from wind, sand, insect pests, and rain, but also maintained a relatively stable experimental environment. Seedlings were collected for analysis 30 days after sowing.

Analysis of Samples {#Sec5}
-------------------

### Processing of Soil Samples {#Sec6}

Samples of soil from the pots were air-dried and ground fine enough to pass through a 100-mesh sieve (0.149 mm). The soil samples (0.1 g each) were weighed and placed in polytetrafluoroethylene cans. After adding 6 mL of HNO~3~ and 2 mL of HF (hydrofluoric acid), the samples were digested by keeping them in a microwave digestion instrument. After the samples had cooled to room temperature, the cans were taken out from the digestion instrument, and 1 mL of perchloric acid was added to each sample. Next, the samples were concentrated to a very small volume by heating over a plate heater to remove excess acid; the residue was dissolved in highly pure deionized water; and the contents were transferred to 10-mL flasks. Strontium concentration in soil was determined using a spectrograph (SPECTROBLUE ICP-AES, SPECTRO ARCOS, KLEVE city, Germany). As controls, blanks with the same amounts of acid were processed in the same manner except for adding no strontium earlier.

### Processing of Plant Samples {#Sec7}

Thirty-day-old seedlings of the two vegetables were collected from the greenhouse, washed with deionized water, air-dried, and packed in hydrochloric acid treatment weighing bottles before drying at 80 °C and then ground at room temperature. The samples (0.2 g each, weighed on digital weighing scales) were placed in polytetrafluoroethylene cans and processed the same way as described above for soil samples (Section [1.4.1](#Sec6){ref-type="sec"}). For the controls of plant samples, the blanks with the same amounts of acid were processed in the same manner except for adding no strontium earlier.

Results and Analysis {#Sec8}
====================

Greenhouse Soil and Concentration of Strontium in Deionized Water {#Sec9}
-----------------------------------------------------------------

Generally, both soil and irrigation water contain strontium. Although we use deionized water to irrigate the vegetables, we determined the initial content of strontium in the soil and in deionized water (Table [1](#Tab1){ref-type="table"}).Table 1The concentration results of strontium and the other elements in the original soil and deionized waterElementUnitStrontiumCaFeKMgNaPSDeionized waterμg/mL0.009.31 ± 0.0040.000.000.02 ± 0.0030.000.000.00Original soilμg/g162.33 ± 11.0013,509.67 ± 674.0026,257.00 ± 787.0018,213.67 ± 552.00111,365.67 ± 3418.00138,579.33 ± 2569.001489.67 ± 56356.33 ± 33.00

Concentrations of ^88^Sr and SrCl~2~·6H~2~O in Soil After Addition of ^88^Sr {#Sec10}
----------------------------------------------------------------------------

The experiment comprised four treatments---based on the dose of strontium---and a control group (strontium 0). The concentrations of ^88^Sr and SrCl~2~·6H~2~O in each group are shown in Table [2](#Tab2){ref-type="table"}. The concentration (C) of strontium was calculated as follows: C = (C1 × M + 99.8 % × 88/267 × X)/(M+X), where C1 is the initial concentration of strontium in soil, M is the weight of the original soil (2 × 10^6^ mg), and X is the amount of SrCl~2~·6H~2~O (99.8 % pure).Table 2Experimental amount of ^88^strontium and SrCl~2~·6H~2~OExperiment groupRelationship with the original strontium in the soilConcentration of strontium (mg/kg)Amount of ^88^strontium (mg)Amount of strontium Cl2 · 6H2O (mg)Strontium01.0 times318.670.000.00Strontium11.5 times478.00159.33484.75Strontium22.0 times637.33318.67969.74Strontium32.5 times796.67478.001454.96Strontium43.0 times956.00637.331940.42

Plant Samples {#Sec11}
-------------

All the samples---Chinese cabbage, spinach, and soil---were collected and processed at the same time.

Plant samples were separated into above-ground parts and below-ground parts. After determining some elements in the samples, a mathematical model was constructed of the pattern of strontium transfer from soil to Chinese cabbage and spinach based on appropriate fitting equations and differential equations governing the transfer. In addition, the correlation between strontium and other nuclides was also analyzed to ascertain the other elements involved in the transfer of strontium to provide a direct experimental basis for the internal mechanism of strontium transfer.

To construct a better mathematical model, MATLAB, a mathematical software package, was used. MATLAB is a business mathematics software developed by MathWorks (Natick, Massachusetts, USA) and includes Simulink. In the present study, the experimental data were fitted into the equations by using MATLAB's partial differential toolbox, and the relationship among these elements was analyzed by its statistics toolbox.

Construction of the Fitting Curve and Regression Equations {#Sec12}
----------------------------------------------------------

### Transfer Pattern of Strontium from Soil to Chinese Cabbage Leaves {#Sec13}

Experimental data were used for fitting the curve (seven times polynomial fitting was selected), as shown in Fig. [1](#Fig1){ref-type="fig"}. The horizontal axis represents strontium concentration in the soil in which Chinese cabbage was grown (micrograms of strontium per gram of soil), and the vertical axis represents strontium content of leaves of Chinese cabbage (micrograms of strontium per gram of dry leaves). The regression equation was then constructed using MATLAB.Fig. 1Fitting curve of strontium from soil to the stem and leaf of Chinese cabbage

The regression equation for the above curve is as follows:$$\documentclass[12pt]{minimal}
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The differential equation for the above regression equation is as follows:$$\documentclass[12pt]{minimal}
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### Transfer Pattern of Strontium from Soil to Chinese Cabbage Roots {#Sec14}

As described in Section [2.4.1](#Sec13){ref-type="sec"}, the initial content of strontium in soil was plotted on the horizontal axis; the content of strontium in below-ground parts of Chinese cabbage was plotted on the vertical axis; and the experimental data were used for fitting the curve (Fig. [2](#Fig2){ref-type="fig"}). The regression equation was then constructed using MATLAB.Fig. 2Fitting curve of strontium from soil to the root of the Chinese cabbage

The regression equation for the above curve is as follows:$$\documentclass[12pt]{minimal}
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The differential equation for the above regression equation is as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \mathrm{dy}/\mathrm{d}\mathrm{x}=\left(6,254\times \mathrm{x}\right)/5\hbox{-} \left(6,219\times {\mathrm{x}}^2\right)/625+\left(742,985,852,125,075\times {\mathrm{x}}^3\right)/18,014,398,509,481,984\hbox{-} \left(13,852,766,929,592,925\times {\mathrm{x}}^4\right)/147,573,952,589,676,412,928+\left(4,198,901,602,976,511\times {\mathrm{x}}^5\right)/37,778,931,862,957,161,709,568\hbox{-} \left(33,090,384,838,106,071\times {\mathrm{x}}^6\right)/618,970,019,642,690,137,449,562,112\hbox{--} 64,041 $$\end{document}$$

### Transfer Pattern of Strontium from Soil to Spinach Stems and Leaves {#Sec15}

As described in Section [2.4.1](#Sec13){ref-type="sec"}, the initial content of strontium in soil was plotted on the horizontal axis; the content of strontium in the above-ground parts of spinach was plotted on the vertical axis; and the experimental data were used for fitting the curve (Fig. [3](#Fig3){ref-type="fig"}). The regression equation was then constructed using MATLAB.Fig. 3Fitting curve of strontium from soil to the stem and leaf of spinach

The regression equation for the above curve is as follows:$$\documentclass[12pt]{minimal}
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The differential equation for the above regression equation is as follows:$$\documentclass[12pt]{minimal}
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### Transfer Pattern of Strontium from Soil to Spinach Roots {#Sec16}

As described in Section [2.4.1](#Sec13){ref-type="sec"}, the initial content of strontium in the soil was plotted on the horizontal axis; the content of strontium in the below-ground parts of spinach was plotted on the longitudinal axis; and the experimental data were used for fitting the curve (Fig. [4](#Fig4){ref-type="fig"}). The regression equation was then constructed using MATLAB.Fig. 4Fitting curve of strontium from soil to the root of the spinach

The regression equation for the above curve is as follows:$$\documentclass[12pt]{minimal}
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The differential equation for the above regression equation is as follows:$$\documentclass[12pt]{minimal}
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Correlation Between Strontium and Other Elements in Spinach and Chinese Cabbage {#Sec17}
-------------------------------------------------------------------------------

To better understand the influence of other elements on strontium accumulation in spinach and Chinese cabbage, we analyzed the correlation between the contents of different elements and the strontium concentrations in above-ground plant parts (Table [3](#Tab3){ref-type="table"}), represented here as δ: the closer its absolute value to 1, the greater the correlation, and the closer its absolute value to 0, the lower the correlation. Positive values of δ mean a positive correlation between the two elements, and negative values mean a negative correlation.Table 3Correlation value (δ) between strontium and other elements in two kinds of vegetableΔvalueCaFeKMgNaPSStem and leaf of Chinese cabbage−0.197780.1127−0.12741−0.12866−0.35877−0.049859−0.32887Root of Chinese cabbage0.609620.15903−0.222870.40570.11456−0.23418−0.2728Stem and leaf of spinach0.186580.012704−0.051571−0.26912−0.33307−0.11188−0.54219Root of spinach0.51805−0.271080.16023−0.41274−0.143710.199080.014272

As shown in Table [3](#Tab3){ref-type="table"}, the elements with closer correlation to strontium in the above-ground parts were Na, S, and Ca. Na and S were negatively correlated to strontium in the stem and leaves of Chinese cabbage, and Ca was negatively correlated to strontium in the stems and leaves of spinach. These observations may indicate that the negative correlation between Ca and strontium also depends on the kind of vegetable: for example, in roots of the Chinese cabbage and spinach, the elements with closer correlation to strontium were Ca and Mg, with Ca showing a closer correlation. In other words, Ca counters the build-up on strontium in Chinese cabbage and spinach.

Discussion {#Sec18}
==========

In the wake of several accidents in nuclear power plants, which have had disastrous consequences, the pattern of transfer of radioactive nuclides from soil to plants has received considerable attention. The soil and plants from such contaminated regions have been analyzed, and one of the outcomes is the transfer index of radioactive nuclides (Tolstykh et al. [@CR8]). The affected countries---Ukraine, the United States, the former Soviet Union, and Japan---have developed suitable experimental sites for such studies. However, countries that do not have such experimental sites, such as China (unless they use a site at which nuclear weapons have been tested), should rely on in vitro experiments using stable isotopes, to simulate the transfer of the corresponding radioactive nuclides from contaminated soil to plants and even to trace their path in the food chain (Choi et al. [@CR2]).

We selected one experimental field in Changping district, China, because this is a major vegetable-growing area in Beijing. The results seen in Figs. [1](#Fig1){ref-type="fig"} and [4](#Fig4){ref-type="fig"} are consistent with one fact, namely that the transfer of strontium from soil to the plant showed no linear relationship---whether it was to the above-ground parts or below-ground parts and whether it was to Chinese cabbage or to spinach. Constructing a regression equation based on experimental data enhances our understanding of the accumulation of strontium in these two kinds of vegetables. This method is of more practical significance than the transfer coefficients obtained from direct testing. As long as plants are grown in soil, they will absorb strontium without discriminating between its stable and radioactive forms. For example, samples of soil and plants collected from the sites of nuclear power plants or from nuclear test fields contain both stable and radioactive strontium. It is theoretically possible to obtain the relevant transfer coefficients by determining the contents of radioactive nuclides in soil and in the plants grown on that soil.

Different plant organs differed in their capacity to absorb or accumulate strontium, as can be seen in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. The derivative value is different at each point along the curve. In order to better understand the pattern of transfer and accumulation of a nuclide in one plant, it is necessary to examine the transfer of both stable and radioactive nuclides simultaneously by adding radionuclides to soil.

Although it was a simulation, the data were obtained from actual experiments, a step that makes the resulting equations more meaningful. Such simulations not only avoid contamination of the environment by radioactive nuclides but also obviate the need to provide protection from radioactive nuclides in the laboratory. The constructed curves, regression equations, and their differential equations can help in understanding the process of transfer of radioactive nuclides from soil to plants and in assessing the potential hazards from such a transfer. In Fig. [1](#Fig1){ref-type="fig"}, for example, by taking a point (A) on the curve and connecting it to the horizontal axis by a straight vertical line, the corresponding value of the content of strontium can be estimated for a given location. Thus, we can predict the amount of nuclides likely to be transferred from soil to the plants by using this curve. In Fig. [5](#Fig5){ref-type="fig"}, nuclide concentration corresponding to the line DE is the amount of ^90^Sr from soil transferred the stems and leaves of Chinese cabbage. From that value, we can calculate the content of ^90^Sr in one individual based on the quantity of Chinese cabbage consumed by him or her. This can provide a theoretical basis for appropriate treatment by a physician. Therefore, this curve is of practical application in dealing with accidents in nuclear power. Apart from calculating the content of radioactive nuclides and internal radiation dose, we can also calculate these parameters by the equations and their differential equations, respectively.Fig. 5Correlation value (δ) between strontium and other elements in these two kinds of vegetable leaf and stem

As is shown in Figs. [1](#Fig1){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, strontium content of stems and leaves increased with strontium content in the soil but not always: at some point, it began to decrease (Fig. [3](#Fig3){ref-type="fig"}). These observations are consistent with those from the study by Li et al. ([@CR5]), which showed that low concentrations of strontium promote photosynthesis. However, when strontium concentration reaches 5 mmol/L, symptoms of toxicity begin to appear and chlorophyll content begins to fall, although it remains higher than that in the control group; the strontium content in the plant also begins to decrease. Although the vegetables we chose for the experiment were different from those chosen by Limei and co-workers, the patterns of strontium transfer and accumulation were similar.

The experimental curve, the corresponding regression equation, and the differential equation also have certain limitations. Strontium absorption by plants is affected by many factors such as the pH value of the soil, organic matter in the soil, types of metal ions and their existing forms, and the size of soil particles. We determined not only strontium but also other elements such as Ca, Fe, Mg, Na, P, K, and S. Among these, Na and S showed the highest correlation with strontium in stems and leaves of Chinese cabbage and spinach and were followed by Ca and Mg. In Chinese cabbage, the correlation between each of these elements and strontium was negative. In spinach, Na, S, and Mg all were negatively correlated with Sr, and so was Ca, a result different with earlier reports of a negative correlation between Ca and S. This difference shows that the capacity of a plant to absorb strontium is not a simple sum of these individual factors but a result of interaction between them. Many experiments have shown that Ca and Sr share very similar characteristics in terms of their accumulation within the bodies of animals. Besides the interaction of various elements in soil, other factors also affect such accumulation of strontium, including the soil environment and plant species. By adding up all the Sr negative correlation value of stems and leaves about two kinds of vegetables, it was not difficult to calculate the sum of sigma for Chinese cabbage (besides the negative correlation value of Ca to Sr) that is is close to 1, Σ sigma = 0.993569; for spinach: Σ sigma = 1.307831. If all negative correlation values of Ca about Chinese cabbage to Sr were added up, the Σ sigma = 1.120979. For the spinach, if its negative correlation values were added up with its positive correlation value, then Σ sigma = 1.307831 + (0.18658 + 0.012704) = 0.18658. Therefore, this is almost the same about two data (1.120979 and 1.108547). These results suggest that there exists an optimum balance between the elements that have positive and negative effects. Whether Ca has a positive or a negative correlation with Sr in the process of its absorption depends not only on the contents of these elements but also on the functions of other elements. In the case of roots of Chinese cabbage and spinach, Ca and Mg showed the highest correlation with strontium. However, more research is needed to explain why Mg functioned differently in these experiments.
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